The facultative intracellular pathogen Salmonella enterica resides in a specific membrane-bound compartment termed the Salmonella-containing vacuole (SCV). Despite being segregated from access to metabolites in the host cell cytosol, Salmonella is able to efficiently proliferate within the SCV. We set out to unravel the nutritional supply of Salmonella in the SCV with focus on amino acids. We studied the availability of amino acids by the generation of auxotrophic strains for alanine, asparagine, aspartate, glutamine, and proline in a macrophage cell line (RAW264.7) and an epithelial cell line (HeLa) and examined access to extracellular nutrients for nutrition. Auxotrophies for alanine, asparagine, or proline attenuated intracellular replication in HeLa cells, while aspartate, asparagine, or proline auxotrophies attenuated intracellular replication in RAW264.7 macrophages. The different patterns of intracellular attenuation of alanine-or aspartate-auxotrophic strains support distinct nutritional conditions in HeLa cells and RAW264.7 macrophages. Supplementation of medium with individual amino acids restored the intracellular replication of mutant strains auxotrophic for asparagine, proline, or glutamine. Similarly, a mutant strain deficient in succinate dehydrogenase was complemented by the extracellular addition of succinate. Complementation of the intracellular replication of auxotrophic Salmonella by external amino acids was possible if bacteria were proficient in the induction of Salmonella-induced filaments (SIFs) but failed in a SIF-deficient background. We propose that the ability of intracellular Salmonella to redirect host cell vesicular transport provides access of amino acids to auxotrophic strains and, more generally, is essential to continuously supply bacteria within the SCV with nutrients.
T he facultative intracellular life-style is a common virulence strategy among bacterial pathogens, and intracellular lifestyles are as diverse as the diseases caused by these pathogens. While some bacteria lyse the host cell membrane compartment and initiate replication in the cytosol, others remain in a host cell-derived membrane compartment that is modified to allow intravacuolar survival and replication. To understand the lifestyle of bacterial pathogens, it is of central importance to analyze which nutritional limitations are experienced by the pathogen in its intracellular habitat and how the pathogen adapts its metabolism in order to survive and proliferate despite these limitations.
Salmonella enterica is an invasive, facultative, intracellular pathogen responsible for foodborne diseases ranging from localized gastroenteritis to systemic typhoid fever. Inside mammalian host cells, S. enterica resides in a specialized membrane-bound compartment, the Salmonella-containing vacuole (SCV). The SCV is modified by the action of virulence factors of S. enterica, and the function of the type III secretion system (T3SS) encoded by Salmonella pathogenicity island 2 (SPI2) and its effector proteins is of central importance (reviewed in reference 1). Despite being secluded from direct access to host cell metabolites, Salmonella is able to obtain all nutrients required for rapid proliferation within the SCV. The mechanisms of how Salmonella cells within the SCV are able to obtain these nutrients are largely unknown.
Salmonella enterica serovar Typhimurium is commonly used as a model organism for systemic Salmonella infections, and various cell culture models and murine infection models can be employed. S. Typhimurium is a prototrophic species able to synthesize all cellular macromolecules from simple C sources. S. Typhimurium can also synthesize all proteinogenic amino acids from metabolites of the central metabolism. Mutant strains deficient in amino acid biosynthesis are attenuated in intracellular proliferation, such as the aroA strain that is deficient in the synthesis of aromatic amino acids (2) . This indicates that access to host-derived or extracellular metabolites is limited for these amino acids.
In addition to being building blocks for protein biosynthesis, amino acids have been shown to be important C sources for various intracellular pathogens, such as Legionella, Francisella, or Chlamydia (3) (4) (5) . Legionella pneumophila, for example, exploits the host cell degradation machinery by injecting effector proteins into its host cells, mimicking typical eukaryotic domains to increase the cytosolic level of free amino acids. The presence of intracellular pathogens such as Shigella spp. in the cytosol can lead to amino acid starvation of the host cell and was shown to stimulate host cell responses leading to autophagy (6) .
Intracellular S. Typhimurium cells efficiently manipulate their host cells by a complex set of effector proteins injected via the SPI2-encoded T3SS (SPI2-T3SS) (reviewed in reference 7). Coinciding with the onset of intracellular replication is the formation of tubular membrane compartments that are derived from host cell endosomes, and the most prominent type of Salmonella-induced tubules is termed Salmonella-induced filaments (SIFs) (reviewed in reference 8). SIFs and the SCV membranes contain characteristic organelle markers that indicate the origin of vesicles mainly from the endolysosomal pathway. Furthermore, interference with the secretory pathway and the Golgi apparatus was observed (7) . The various interactions of intracellular pathogens with host cell vesicular transport and their role in the efficient intracellular replication of S. Typhimurium raise the question of a role for intracellular Salmonella in nutrition. These interactions might play an important role in intracellular nutrition by delivering extracellular or host cell-derived material, and by this strategy, Salmonella might also acquire host cell transporters for transportation of nutrients such as amino acids from the host cell cytosol to the SCV lumen.
We wanted to shed light on the relevance of amino acids as a nutritional source for intracellular Salmonella and addressed the following three questions. (i) Can auxotrophy for nonessential amino acids be compensated for by the uptake of amino acids from host cells? (ii) Is SIF formation required to access amino acids for growth in the SCV? (iii) Are requirements for amino acids distinct for Salmonella strains in various mammalian cell line infection models? We investigated the availability of amino acids for the intracellular growth of S. Typhimurium within the SCV. For this purpose, a set of defined mutant strains defective in the biosynthesis of amino acids not essential for the mammalian host cell was generated and analyzed for intracellular replication in an epithelial cell line (HeLa) and a macrophage cell line (RAW264.7). A subset of these auxotrophic strains was attenuated in intracellular replication, and we investigated whether this defect would be restored by the addition of individual amino acids to the culture medium of host cells. Our data demonstrate that intracellular Salmonella cells utilize medium-derived amino acids rather than host cell-derived amino acids. The dependency of auxotrophic Salmonella on amino acid supplementation was distinct in different host cells. The access to such amino acids is dependent on the function of the SPI2-T3SS, indicating a role in manipulation of host cell transport for intracellular nutrition.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Salmonella enterica serovar Typhimurium NCTC 12023 was used as the wild-type (WT) strain, and isogenic mutant strains were constructed by Red-mediated mutagenesis (9) ( Table 1) . Primers and plasmids required to introduce the FLP recombination target (FRT)-flanked resistance cassette and to check for the correct insertion and removal of the cassette by FLP recombinase afterwards are listed in Table S1 in the supplemental material. Mutant alleles were transferred into the fresh strain background or for combination with other mutations by P22 transduction according to standard procedures (10) . Transductants were streak purified twice on Luria broth (LB) agar containing selective antibiotics and 10 mM EGTA to prevent the formation of lysogenic strains. Control for lysogeny in transduced strains was performed by streaking onto green plates and by streaking over a P22 lysate to prove that strains can still be infected by phage and therefore are Growth kinetics. Cultures of bacteria were grown overnight in neutral PCN medium with 1 mM phosphate. Minimal medium for the ⌬asnAB strain was supplemented with 0.8 mM asparagine (Sigma), and medium for the ⌬proB and ⌬proC strains contained 0.8 mM proline (Sigma). Cultures grown overnight were inoculated into neutral PCN medium with 1 mM phosphate to start at an optical density at 600 nm (OD 600 ) of 0.01. The cultures were shaken aerobically in a water bath at 37°C. For growth tests at increased osmolarity, LB was adjusted with 0.4 or 0.65 M NaCl. At time intervals of 1 h, the optical density at 600 nm was measured by using a Shimadzu UV-1202 photometer.
Gentamicin protection assay. RAW264.7 cells were routinely cultured in high-glucose (4.5 g/liter) Dulbecco's modified Eagle's medium (DMEM) containing 4 mM glutamine (Gln) (PAA, Cölbe, Germany) and 6% fetal calf serum (FCS) (Sigma) in a cell culture incubator (37°C in 5% CO 2 ). HeLa cells were cultured in DMEM containing 4.5 g/liter glucose, 4 mM glutamine (PAA, Cölbe, Germany), and 10% FCS (Sigma) in a cell culture incubator (37°C in 5% CO 2 ). For infection experiments, cells were seeded 24 or 48 h in advance in surface-treated 24-well dishes (Nunc, Thermo Fisher Scientific, Waltham, MA, USA, or TPP, Trasadingen, Switzerland) to confluence (ϳ4 ϫ 10 5 and 2 ϫ 10 5 cells for RAW264.7 and HeLa cells, respectively) on the day of infection. With the onset of infection, FCS-free medium was used for the remainder of the experiment. Cells were infected at a multiplicity of infection (MOI) of 1, and infection was performed with cultures of Salmonella strains grown aerobically in LB overnight (for RAW264.7 cells) or for 3.5 h to late log phase (for HeLa cells). Bacteria were centrifuged onto the cells for 5 min at 370 ϫ g, and infection was allowed to proceed for a further 25 min. Afterwards, cells were washed twice with phosphate-buffered saline (PBS), medium containing 100 g/ml gentamicin (Genta 100) was added, and cells were incubated for 1 h to kill extracellular bacteria. The concentration of gentamicin was reduced to 10 g/ml for the rest of the experiment (Genta 10). To determine replication, cells were washed twice with PBS and lysed at 2 or 16 h postinfection (p.i.) by the addition of PBS with 0.1% Triton X-100. Serial dilutions of lysates were plated onto Mueller-Hinton II agar plates and incubated overnight at 37°C. CFU at various time points p.i. were determined. Extracellular supplementation experiments. (i) Glutamine. For glutamine, gentamicin protection assays were performed, with the exception that glutamine was left out during infection and incubation with Genta 100 medium. A total of 4 mM glutamine (PAA, Cölbe, Germany) or alanyl-glutamine (Glx) (PAA, Cölbe, Germany) was added to Genta 10 medium and maintained for the remaining period of culturing.
(ii) Asparagine and proline. For asparagine and proline, experiments were performed as described above for the gentamicin protection assays except that 0.8 or 2.0 mM asparagine or 0.8 mM proline (Sigma) was added to Genta 10 medium where indicated.
(iii) Succinate. For succinate, experiments were performed as described above for the gentamicin protection assays except that hybridoma express medium (HEM) (PAA, Cölbe, Germany) was used and 24.6 mM succinate was added to the cells with Genta 10 medium where indicated. For one experiment, RAW264.7 cells were precultured in DMEM with additional sodium pyruvate (PAA, Cölbe, Germany) instead of medium without sodium pyruvate.
RESULTS

Generation of auxotrophic S. Typhimurium mutant strains.
Based on the knowledge of amino acid biosynthesis pathways in S. enterica and related bacteria ( Fig. 1) , S. Typhimurium strains auxotrophic for the nonessential amino acids alanine, asparagine, aspartate, glutamine, and proline were constructed. For Escherichia coli, it has been shown that the major enzymes contributing to alanine biosynthesis are encoded by avtA, alaA (yfbQ), and alaC (yfdZ). Deletion of these genes led to severe growth defects in minimal medium containing the C source glycerol, glucose, acetate, or succinate without the addition of alanine (12) . An avtA yfbQ yfdZ triple-deletion strain of S. Typhimurium was generated. Asparagine biosynthesis starts from aspartate and is performed by the gene products of asnA and asnB. In E. coli, the loss of either enzyme is compensated for by the other, as long as ammonia is not limiting (13) . Thus, we constructed an asnA asnB double mutant strain. Glutamine derives from glutamate in a reaction catalyzed by glutamine synthetase (GlnA). For the synthesis of glutamine, neither an alternative pathway nor an alternative enzyme with glutamine synthase activity is known. Glutamine is a proteinogenic amino acid but serves as a donor for amino groups in biosynthetic processes and plays an important role in nitrogen metabolism. It has been shown that nitrogen-limiting conditions are sensed by changes in the glutamine pool (14) . The loss of GlnA therefore resulted in glutamine auxotrophy. Like glutamine, proline derives from glutamate in a three-step reaction process catalyzed by ProB, ProA, and ProC. As these three enzymes work sequentially in one pathway and do not represent alternative pathways, knockout of any of these enzymes should result in proline auxotrophy. We generated ⌬proB and ⌬proC strains to block the first and last steps of proline biosynthesis. We also tested a strain deficient in the gene for a putative proline iminopeptidase (orf32), an enzyme that removes the N-terminal proline from a peptide (15) . Proline iminopeptidase contributes to the virulence of the plant pathogen Xanthomonas campestris and is highly active in Treponema denticola, a pathogen causing human periodontal disease (16, 17) . For the generation of an aspartate-auxotrophic strain, aspC was deleted. The aspC gene product acts as an aminotransferase, preferentially as an aspartate aminotransferase producing aspartate from oxaloacetate, but also takes part in the biosynthesis of the aromatic amino acids Phe and Tyr by performing transamination reactions. Furthermore, aspartate is a precursor for Thr, Ile, Leu, Met, and Asn. The aromatic amino acid transferase TyrB is mainly involved in the synthesis of aromatic amino acids but was also reported to act as an aspartate aminotransferase (18) (Fig. 1) . However, only low levels of aspartate aminotransferase activity were observed in cell extracts from ⌬aspC strains of E. coli and Salmonella, indicating a key role of aspC in aspartate biosynthesis (18, 19) .
All mutant strains generated grew well in LB medium. With the exception of strains with a single deletion of asnA, asnB, or orf32, no growth overnight was detected in cultures in minimal medium with glucose (data not shown). Growth of the mutant strains in minimal medium was restored by the addition of Casamino Acids or specific single amino acids (data not shown).
Intracellular replication of auxotrophic S. Typhimurium strains in RAW264.7 and HeLa cells. The intracellular proliferation of mutant strains with defects in amino acid biosynthesis pathways in comparison to the S. Typhimurium WT was analyzed by using the macrophage-like cell line RAW264.7 as the host cell line. The ssaV mutant strain deficient in the SPI2-encoded T3SS served as a negative control, and this strain showed highly attenuated intracellular proliferation (Fig. 2) . The avtA yfbQ yfdZ, asnA, asnB, and orf32 mutant strains showed intracellular proliferation comparable to that of the WT, whereas the glnA, aspC, proB, and proC mutant strains showed reduced intracellular proliferation. The ⌬proC strain was more severely attenuated than the ⌬proB strain blocked in the introducing step of proline synthesis ( Fig. 2A) . Proline uptake is one mechanism of osmoprotection in bacteria (reviewed in reference 20). The ⌬proB and ⌬proC strains grew similarly to or even better than WT Salmonella in medium with increased osmolarity (see Fig. S1 in the supplemental mate- The ⌬avtA ⌬yfbQ ⌬yfdZ strain is abbreviated ayy. Infected cells were lysed at 2 h and 16 h p.i., and serial dilutions were plated onto agar plates for determination of CFU. x-fold intracellular proliferation is calculated as the ratio of CFU at 16 h p.i./CFU at 2 h p.i. The x-fold proliferation of the WT strain was set as 100%, and intracellular proliferation of mutant strains is expressed as a percentage of the value for the WT. Experiments were performed in triplicates, and mean values and standard deviations are given for at least three biological replicates (two biological replicates for the ⌬asnAB strain in HeLa cells). Statistical significances were calculated by Student's t test and are indicated as follows: n.s., not significant; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. rial). This indicates that increased sensitivity to high osmolarity is unlikely to cause attenuated intracellular proliferation of the ⌬proB or ⌬proC strain. The most severe attenuation of intracellular proliferation was observed for the asnAB mutant strain, with an intracellular replication rate 4-fold lower than that of the ssaV strain ( Fig. 2A) .
It was reported previously that strains impaired in the biosynthesis of aromatic amino acids and purine biosynthesis showed distinct intracellular replication defects, dependent on the cell line used for infection experiments (21) . We also tested the replication of the avtA yfbQ yfdZ, asnAB, aspC, and proC mutant strains in the human epithelial cell line HeLa. The asnAB and proC mutant strains showed similarly reduced intracellular proliferation in HeLa cells as well as in RAW264.7. In contrast, the avtA yfbQ yfdZ mutant strain was highly attenuated in replication in HeLa cells, while the aspC mutant strain showed replication similar to that of the WT strain, with both phenotypes being reverted in RAW264.7 cells (Fig. 2B) . Since identical formulations of DMEM were used for RAW264.7 and HeLa cell cultures, the differences observed are features of the host cells.
Medium amino acids can supplement intracellular proliferation of auxotrophic mutant strains. We next investigated the effect of medium supplementation with specific amino acids on the intracellular proliferation of auxotrophic strains in RAW264.7 cells. Tests for culture growth indicated that the asnAB, proB, and proC mutant strains showed growth rates comparable to that of the WT strain in minimal medium supplemented with asparagine or proline ( Table 2) .
The cell culture medium DMEM contains all amino acids apart from alanine, asparagine, aspartate, glutamate, and proline. To investigate supplementation in infection experiments, asparagine or proline was added to DMEM 1 h after infection. For the asnAB mutant strain, the addition of 0.8 mM asparagine to DMEM cell culture medium resulted in a 35-to 40-fold increase in intracellular proliferation (Fig. 3A) . Asparagine supplementation also led to increased intracellular proliferation of the WT and the ssaV mutant strain, but these effects were not statistically significant. The addition of larger amounts of asparagine (2 mM) further increased intracellular replication of the asnAB mutant strain without significant effects on WT and ssaV strains (see Fig. S2 in the supplemental material). For proB and proC mutant strains, supplementation of medium with 0.8 mM proline restored intracellular proliferation to levels of the WT strain (Fig. 3B) . Proline supplementation did not affect the intracellular proliferation of WT and ssaV deletion strains, while proliferation of proB and proC mutant strains was increased 9-fold and 26-fold, respectively.
Glutamine but not alanyl-glutamine restores intracellular replication of glutamine-auxotrophic Salmonella. While Gln is a nonessential amino acid for mammalian cells, tumor cell lines are unable to meet the demand of their own biosynthesis and depend on large amounts of extracellular glutamine in the medium (22) (23) (24) . Besides being a nitrogen and carbon source, the most recently reported results postulate an important role for glutamine in 
FIG 3
Complementation of asparagine-and proline-auxotrophic strains by extracellular amino acids. Intracellular replication of the S. Typhimurium WT strain, the ⌬ssaV strain, and mutant strains auxotrophic for asparagine (two independently generated strains) (A) or proline (B) in RAW264.7 cells was determined as described in the legend of Fig. 2 . Cell culture medium was not supplemented (Ϫ) or was supplemented (ϩ) with 0.8 mM asparagine (A) or 0.8 mM proline (B). Amino acids were added at 1 h p.i., with a change to medium containing 10 g/ml gentamicin. Experiments were performed in triplicates, and mean values and standard deviations are given for one biological experiment. Statistical significances were calculated by Student's t test and are indicated as follows: n.s., not significant; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001.
counteracting acid stress due to high glycolysis rates and the level of lactate production of tumor cell lines (25) . For tumor cell lines like RAW264.7 and HeLa cells, glutamine is an essential amino acid, and therefore, cell culture media usually contain 4 mM Gln. Glx is often preferred over Gln in media due to its greater stability, avoiding the formation of harmful ammonia (26) . Using cell culture medium containing 4 mM Gln, we observed replication of the ⌬glnA strain varying from 30% to 100% of WT replication ( Fig.  2A) . Interestingly, we found that virtually no intracellular replication was observed for the ⌬glnA strain when cell culture medium was supplemented with 4 mM Glx instead of Gln (Fig. 4) . Intracellular proliferation in RAW264.7 ( Fig. 4A) and HeLa (Fig. 4B ) cells was 18.6-fold and 18.4-fold higher, respectively, with Gln than with Glx. During extracellular growth, Salmonella used both Glx and Gln as amino acid sources, since the glnA mutant strain grew with similar rates in vitro in DMEM supplemented with 4 mM Gln and in DMEM supplemented with Glx (data not shown). The presence of the additional alanine therefore has no detrimental effect on growth in vitro. Replication of the WT strain in host cells was not negatively affected by the use of Glx instead of Gln (Fig. 4) . Medium succinate supplements intracellular proliferation of a tricarboxylic acid (TCA) cycle-deficient strain. To further address the direct access of intracellular Salmonella bacteria to nutrients in medium, we considered central metabolites as possible reporters. Succinate was a candidate since a S. Typhimurium ⌬sucAB strain is dependent on supplementation with succinate for growth in minimal medium with glucose (J. Popp and M. Hensel, unpublished observations). A sucAB mutant strain showed WT levels of intracellular replication in RAW264.7 cells when cultured in DMEM but highly reduced intracellular replication when host cells were cultured in fully synthetic hybridoma express medium (HEM) (Popp and Hensel, unpublished). Analysis of HEM showed that histidine, cysteine, and lysine are absent (data not shown), but they are present in the DMEM formulation used here. At least lysine biosynthesis in E. coli depends on succinyl coenzyme A (succinyl-CoA) (27) . We determined the intracellular replication of Salmonella WT, ⌬ssaV, and ⌬sucAB strains in RAW264.7 cells cultured in HEM with and without the addition of succinate (Fig. 5) . The addition of succinate to the extracellular medium partially restored the intracellular replication of the ⌬sucAB strain but had no or only a small effect on the intracellular proliferation of the ssaV or WT strain, respectively. This observation indicates that access of intracellular Salmonella to molecules present in the external medium is a more general phenomenon.
Role of SIF induction in access to extracellular amino acids. We demonstrated that extracellular amino acid supplementation can complement the intracellular proliferation of auxotrophic Salmonella strains. A possible mechanism is the remodeling of the endosomal system in host cells as a function of the SPI2-encoded T3SS. To test this hypothesis, we investigated the effects of ssaV or sifA defects on the extracellular supplementation of the proC strain. SsaV is a subunit essential for the function of the SPI2-T3SS, while the effector protein SifA is required for the maintenance of the SCV and the formation of a network of so-called Salmonella-induced filaments (SIFs). We investigated whether the ability to induce SIF formation affects the intracellular complementation of proline-auxotrophic strains by supplementation with extracellular proline. A sifA-deficient strain is unable to induce SIF formation and to maintain the integrity of the SCV (28) . As a consequence, release of Salmonella bacteria into the host cell cytosol and cytosolic replication was observed. A double mutant strain defective in the SPI2-T3SS effectors SifA and SseJ also fails to induce SIFs but is not released into the cytosol (29) . Cytosolic Typhimurium WT, ⌬ssaV, and glutamine-auxotrophic ⌬glnA strains were used for infection. Cell culture medium was supplemented with 4 mM glutamine (Gln) or alanyl-glutamine (Glx). Amino acids were added at 1 h p.i., i.e., with a change to medium containing 10 g/ml gentamicin. Experiments were performed in triplicates, and mean values and standard deviations are given for two (WT strain with Glx, ssaV mutant with Gln, and ssaV mutant with Glx) or three (⌬glnA strain with Gln and ⌬glnA strain with Glx) independent biological experiments. Statistical significances were calculated by Student's t test and are indicated as follows: n.s., not significant; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. replication of the sifA mutant strain may obscure potential nutritional limitation of the bacterial population in the SCV. Thus, we used the ⌬sifA ⌬sseJ strain background to investigate the fate of Salmonella in the SCV dependent on SIF formation. Intracellular proliferation rates of the WT, ⌬ssaV, ⌬sifA ⌬sseJ, ⌬proC, and ⌬sifA ⌬sseJ ⌬proC strains with and without the addition of 0.8 mM proline to the medium were determined (Fig. 6) . Proline supplementation slightly increased the intracellular proliferation of WT Salmonella but had no effect on the ssaV or sifA sseJ mutant strain. Intracellular replication of the proC mutant strain was augmented 7.8-fold by proline supplementation, while no significant effect on the sifA sseJ proC strain was observed (1.08-fold increased replication). These data suggest that the SPI2-T3SS-mediated redirection of endosomal transport in host cells contributes to the access of intracellular Salmonella to external amino acids.
DISCUSSION
Various forms of dependency of intracellular pathogens on their host cells are known. Obligate intracellular bacteria such as Rickettsia spp. and Coxiella spp. (30, 31) have reduced genome sizes and also restricted metabolic capacities, leaving the bacteria to acquire relevant building blocks like amino acids from the host (32) . Some facultative intracellular pathogens such as Legionella pneumophila and Francisella tularensis are auxotrophic for several amino acids and have evolved strategies to increase the intracellular abundance of free amino acids (4, 33) . In contrast, S. Typhimurium appears to be independent from its host cell, since this pathogen possesses all relevant central metabolic pathways (glycolysis, pentose-phosphate pathway, and the TCA cycle) and biosynthetic pathways for all amino acids. However, host defense mechanisms like nitric oxide production might provoke Lys and Met auxotrophies, and this would cause the need for uptake from the host cell (34) . Accordingly, a defect of the methionine transporter MetD attenuated virulence in a mouse model (34) . Furthermore, attenuated virulence was also shown for a S. Typhimurium strain deficient in the arginine transporter argT (35). 13 C isotopologue profiling studies further supported the access of S. Typhimurium to host cell-derived amino acids in epithelial and macrophage cell lines (37; Popp and Hensel, unpublished). Therefore, the uptake of amino acids may play an important role in the intracellular life of Salmonella, and we analyzed the intracellular phenotypes of various Salmonella mutant strains with auxotrophies for nonessential amino acids. Of these, auxotrophies for alanine, asparagine, or proline attenuated intracellular replication in HeLa cells, while aspartate, asparagine, or proline auxotrophies attenuated intracellular replication in RAW264.7 macrophages. Our work demonstrated that a subset of amino-acid-auxotrophic mutant strains of S. Typhimurium can be complemented in intracellular proliferation in mammalian host cells by adding amino acids externally to the medium. These amino acids are not present in most cell culture media such as DMEM, used here.
Our data show a strong dependency of Salmonella on de novo amino acid biosynthesis of asparagine and proline if the respective amino acid is not available in the extracellular medium. In turn, this dependency indicates that intracellular Salmonella bacteria are not able to obtain sufficient amounts of the amino acids from Typhimurium. RAW264.7 cells were infected with WT, ⌬ssaV, and ⌬sucAB strains, and intracellular proliferation was determined as described in the legend of Fig. 2 . Hybridoma express medium was used for the period of the infection experiment without (Ϫ) or with (ϩ) the addition of 24.6 mM succinate (Suc), added at 1 h p.i. WT replication was set as 100%, and replication of the mutant strains is expressed as a percentage of WT replication. Experiments were performed in triplicates, and mean values and standard deviations are given for at least three biological experiments, with the exception of experiments with the WT strain with succinate and the ⌬ssaV strain with succinate (two replicates). Statistical significances were calculated by Student's t test and are indicated as follows: n.s., not significant; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001.
FIG 6
Effect of Salmonella-induced filament formation on complementation by extracellular proline. The intracellular replication of S. Typhimurium WT, ⌬ssaV, ⌬sifA ⌬sseJ, and proline-auxotrophic ⌬proC or ⌬proC ⌬sifA ⌬sseJ strains in RAW264.7 cells was determined as described in the legend of Fig. 2 . WT replication was set as 100%, and replication of the mutant strains was calculated as a percentage of WT replication. Cell culture media were used without (Ϫ) or with (ϩ) 0.8 mM proline added to the medium at 1 h p.i. Experiments were performed in triplicates, and mean values and standard deviations are given for three biological replicates. Statistical significances were calculated by Student's t test and are indicated as follows: n.s., not significant; ***, P Ͻ 0.001. the host cell. This finding is in accordance with previously reported observations by the Groisman group, who suggest that proline-poor conditions in the SCV to which Salmonella adapt, mediated by the small amount of Pro-charged tRNAs, are an inductor of expression of the operon for the virulence genes mgtCBR (38) . Despite the ability to utilize a multiplicity of nutrients for intracellular proliferation (39) , the ability to sense the precise composition of the intracellular environment allows rapid and efficient adaptation. Our results do not exclude host cell-derived amino acids as possible nutrients, yet the amounts are likely insufficient to fulfill the requirements for proliferation of Salmonella.
The different degrees of attenuation for the auxotrophic strains suggest differences in the intracellular availabilities of amino acids. Interestingly, we found that the alanine-auxotrophic ⌬avtA ⌬yfbQ ⌬yfdZ strain was not affected in replication in RAW264.7 cells but exhibited highly reduced replication in HeLa cells. Therefore, Salmonella might have access to alanine in RAW264.7 cells but not in HeLa cells, or the host cell alanine pool is larger in RAW264.7 than in HeLa cells. Alternatively, access to pyruvate could explain the observed difference, since previous work showed that the ⌬avtA ⌬yfbQ ⌬yfdZ mutant had no growth defect if pyruvate is available as a C source (12) . There are alternative pathways and enzymes that can compensate for the loss of the major transaminases in this case. For E. coli, it was shown that several minor aminotransferases could contribute to alanine biosynthesis that can in the best case compensate for the loss of the major enzymes if pyruvate is available as a carbon source (12) . Therefore, this difference might not be due to different abundances of alanine in the two cell lines but rather could be caused by different access to the pyruvate present in the host cell cytosol or internalized from the culture medium.
Mammalian host cells possess transporters for monocarboxylates, like pyruvate and lactate, in the plasma membrane (monocarboxylate transporter [MCT] ) and a pyruvate transporter in the mitochondrial membrane (mitochondrial pyruvate carrier [MPC]) (40) . By manipulation of host cell trafficking, Salmonella might recruit these transporters and integrate them into the SCV to access cytosolic pyruvate. Tumor cell lines have highly upregulated glycolysis, known as the Warburg effect (41), thus producing pyruvate that is subsequently converted to lactate and excreted. Furthermore, we have shown that infection with Salmonella triggers increased glycolysis in RAW264.7 cells (Popp and Hensel, unpublished), so pyruvate might be available as a carbon source. It is also possible that Salmonella has access to extracellular excreted lactate that is converted into pyruvate by lactate dehydrogenase. Higher glycolytic fluxes and/or lactate excretion in macrophages stimulated by Salmonella infection than in HeLa cells may explain the differences. Further work should address this point by analyzing metabolite profiles of uninfected and infected host cells. Furthermore, it would be of interest to determine the growth of the ⌬avtA ⌬yfbQ ⌬yfdZ strain in cell culture medium and cell culture supernatants removed from infected and uninfected RAW264.7 and HeLa cells. Also, the ⌬avtA ⌬yfbQ ⌬yfdZ strain that is additionally defective in lactate dehydrogenase could be tested for further attenuation in RAW264.7 cells.
The opposite situation was observed for the aspC mutant strains, showing WT levels of replication in HeLa cells and reduced proliferation in RAW264.7 cells. Salmonella might gain efficiently the required amounts of aspartate and amino acids deriving from aspartate from the host cell in HeLa cells yet not in RAW264.7 cells. Also, a higher level of activity of TyrB could explain this phenotype.
The greater intracellular attenuation of the ⌬asnAB strain than of proline-auxotrophic Salmonella strains indicates more limited access to host-derived asparagine than to proline or a greater requirement for asparagine than for proline. Interestingly, reduced intracellular proliferation of an ⌬asnAB strain was predicted by a systems biology approach, and a murine systemic infection model confirmed the severe attenuation of the ⌬asnAB strain (43) . The more severe attenuation of the ⌬proC strain could be caused by the harmful accumulation of ⌬ 1 -pyrroline-5-carboxylate (P5C) or other side effects, whereas a ⌬proB strain may partially complete proline biosynthesis from intermediates of the biosynthesis pathway. The addition of larger amounts of extracellular asparagine resulted in a gradual increase in the intracellular proliferation of the asnAB mutant strain, indicating a limiting availability of asparagine. The knockout of asnA and asnB might also have further side effects leading to attenuated replication. However, since asparagine is formed from aspartate in one enzymatic step, it is unlikely that intermediates required for other pathways are missing or that a harmful intermediate(s) accumulates.
Intracellular S. Typhimurium bacteria induce the massive remodeling of the host cell endosomal system in a SPI2-T3SS-dependent manner. One remarkable consequence is the formation of extensive tubular membrane compartments, termed SIFs. SIF formation coincides with intracellular replication (44) , and mutant strains deficient in SIF induction are also highly attenuated in systemic virulence in a murine model and in intracellular proliferation. However, the role of SIF induction in the physiology of intracellular S. Typhimurium is not clear. Continuous interactions of the SCV with the endolysosomal network have been observed (45) , and live-cell imaging revealed that the SCV is connected with an extensive network of SIFs (46) . These activities may indicate that continuous exchange of the SCV with host cell endosomes is the strategy for the acquisition of nutrients that are limiting intracellular replication. Complementation of amino acid auxotrophies by extracellular amino acids was observed for a SPI2-T3SS-proficient S. Typhimurium strain but not for an sifA sseJ mutant strain that is unable to induce tubular endosomal aggregates. From these data, we conclude that access to portions of media endocytosed by the host cell is an important part of the nutrition of intracellular S. Typhimurium.
The glutamine-auxotrophic strain could be complemented by glutamine or alanyl-glutamine during extracellular growth; however, only glutamine restored intracellular proliferation of the ⌬glnA strain. At present, we cannot explain the molecular basis of this remarkable difference. For E. coli and Salmonella, the presence of various peptide permeases for the uptake of di-, tri-, and oligopeptides was reported previously (47, 48) . Furthermore, the dipeptide permease Dpp seemed to be functional at a broad range of pHs since the protein binding part of DppA showed similar substrate binding between pH 3.0 and pH 9.5 (48) . Therefore, even under the acidic conditions within the SCV, the uptake of alanylglutamine by Salmonella should be possible, provided that this dipeptide reaches the lumen of the SCV. If manipulation of endolysosomal trafficking is a major pathway to gain nutrients, the impact of the access to glutamine or alanyl-glutamine in medium should be similar for the intracellular growth of the S. Typhimurium ⌬glnA strain. An alternative explanation might be the putative recruiting of host cell transporters for glutamine to the SCV, similar to the intracellular strategy of S. Typhimurium for the acquisition of arginine described previously (35) . Such a recruitment mechanism would call for host cell transporters for the uptake of glutamine from the medium. In contrast to glutamine, alanyl-glutamine is hydrolyzed to alanine and glutamine by extracellular aminopeptidases that are released into the medium by the host cell and taken up after cleavage (GlutaMAX; Life Technologies) (49) . This results in a constantly lower concentration of available glutamine in the extracellular medium (GlutaMAX; Life Technologies) (49) , possibly provoking less uptake of glutamine and lower cytosolic levels in the host cell. Further work has to reveal how S. Typhimurium can utilize glutamine and alanyl-glutamine under intracellular conditions.
To conclude, our work demonstrates the requirement of prototrophic metabolism and the full biosynthetic repertoire for the intracellular life-style of S. Typhimurium in mammalian host cells. The availabilities of amino acids are distinct in HeLa cells and murine macrophages, and our data support that the SPI2-T3SS-dependent manipulation of host cell endosomal transport is a means of continuous supply of the SCV with medium compounds internalized by the host cell. As a metabolic all-rounder, intracellular S. Typhimurium can efficiently utilize internalized amino acids and various C sources for efficient intracellular proliferation.
